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ABSTRACT
The effect of radial inlet temperature distortion on turbine rotor blade heat transfer was
studied experimentally and computationally. Heat flux distributions at the rotor tip and
midspan were measured for several levels of inlet temperature distortion. Computational
fluid dynamics (CFD) results were used in the analysis of the turbine flow field and
experimental heat transfer data in an effort to ascertain the importance of inviscid effects.
A comparison of Nusselt and Stanton numbers was made.
Measurements of rotor heat flux were taken in the MIT Blowdown Turbine facility
which employed a storage type heat exchanger for the generation of an inlet radial
temperature distribution factor (RTDF). The RTDF is a measure of the combustor exit
temperature distortion normalized by the combustor temperature rise. The study focused
on the comparison between a uniform inlet temperature and a 15% RTDF inlet profile
(which is believed typical for a high performance combustor). Thin film heat flux gauges
applied to the rotor blade along the midspan showed increases of 50 to 95% in the DC heat
flux resulting from the introduction of the 15% RTDF. Heat flux levels on the pressure
surface of the rotor tip were doubled as compared to the uniform inlet temperature case.
Inviscid 3D CFD calculations show that secondary flows and streamwise vorticity are
introduced by the inlet temperature variation and cause a redistribution of the flow. A
migration of the hot fluid at the center of the rotor inlet passage toward the blade pressure
surface is seen. Movement of hot gas to the tip of the pressure surface is also observed.
The trends in the heat flux data seem to be corroborated by the inviscid temperature
redistribution.
Analysis of the non-dimensional heat transfer coefficients supplemented by the use of
CFD predicted flow properties over the blade surface indicates that both viscous and
inviscid effects play a vital role in turbine rotor heat transfer. Nusselt numbers increase by
30% on the midspan suction surface and by 70% on the midspan pressure surface upon the
introduction of the 15% RTDF. Nusselt number increases are also seen at the rotor tip, but
are not as significant. Stanton number is an indication of the strength of local viscous
effects. The 15% RTDF causes 10 to 30% increases in Stanton number. These values are
much higher at the tip pressure surface than at midspan. Significant changes in the state of
the boundary layer occur along the rotor chord as evidenced by increases of several
hundred percent in Stanton number from the trailing to leading edges of the blade.
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1. Introduction
The demand for improved performance in aircraft turbine engines has placed a
premium on raising the operating temperatures of these turbomachines. Increased flow
temperatures subject the turbine section of these engines to very high heat loads. It has
therefore become important to improve our understanding of turbine heat transfer.
Experimental and computational efforts have not been able to adequately predict the
steady state or DC levels of the turbine rotor heat flux distribution found in actual
turbomachines. Questions have arisen about modelling turbine flow in order to capture the
essential characteristics or physics of the flow. Initially, it was believed that including
unsteady effects caused by blade row interactions would improve the turbine heat transfer
models. However, it was shown using cascade testing that unsteady fluctuations in heat
loading did not significantly alter DC heat flux levels.
The purpose of this work was to simulate types of radial temperature profiles
which may introduced into the turbine inlet due to the combustor exit flow. An evaluation
of the influence of these inlet temperature profiles on turbine rotor blade heat flux
distribution was made.
The MIT Blowdown Turbine Facility was used to measure turbine rotor heat flux.
This short duration test facility simulates all the essential aspects of the flow in a full scale
operational high performance turbine. Tests were run with inlet profiles employing
varying degrees of radial temperature distortion. Computational fluid dynamics (CFD)
was utilized to model the blowdown turbine flow field resulting from these inlet
temperature distributions. CFD results were also used in analyzing the experimental
measurements.
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The first step in this study was the reduction of the experimental heat flux data from
the blowdown testing. Complications were introduced into the data reduction procedure
because of damage caused to some of the heat flux instrumentation during testing. Heat
flux results were obtained for several inlet temperature distributions after a lengthy data
correction and evaluation process. Although some of the data was lost, the remaining data
was determined to be reliable.
The next step was to implement MULTISTAGE, a robust CFD code used in
industry in the turbine and compressor design process. MULTISTAGE was used to
calculate the 3D steady state inviscid flow field in the blowdown turbine. The code was
verified by simulating a planar cascade that used the same blade geometry as the
blowdown turbine, and comparing to the experimental results. An estimate of the errors in
total temperature and pressure resulting from the computational mesh was also made since
the 2D cascade was modelled with constant inlet conditions. The blowdown turbine was
also modelled, and CFD results were obtained for both constant inlet temperature and a
radial inlet temperature distortion.
Nondimensional forms of the heat transfer coefficient were calculated as a means
of analyzing the heat flux data. Nusselt and Stanton numbers were computed using three
different sources for the free stream temperature. The free stream temperature affects the
driving temperature difference used in determining each of those numbers. The three
different temperatures employed include the mean total temperature of the turbine inlet
flow determined experimentally, and total temperatures predicted by streamline curvature
and MULTISTAGE computations. Variations in the Nusselt number due to the use of
these different temperatures could provide insight as to the origin of the changes in heat
transfer caused by the introduction of the inlet temperature profile.
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2. Blowdown Turbine Experiments
2.1 Blowdown Turbine Facility
The radial temperature distortion (RTD) experiments were performed by
G.R. Guenette in the MIT Blowdown Turbine Facility [Epstein, et al., 1984]. This short
duration test facility simulates the continuous operation of a full scale high performance
turbine. It consists of a supply tank which discharges through a test section into a dump
tank (Figure 2.1). A large diameter, fast acting valve separates the supply tank from the
test section, and initiates the discharge or blowdown process. The test section contains a
0.55 meter (22 inch) diameter test turbine stage and a rotating assembly which includes an
eddy current brake power absorber and a 10 kW drive motor, Figures 2.2 and 2.3. The
single stage transonic turbine constists of 36 nozzle guide vanes (NGV's) and 61 rotor
blades (Figure 2.4). A Radial Temperature Distortion generator, a boundary layer bleed
and an annular contraction were situated upstream of the stage to simulate combustor exit
flow. The rotor flow exits into the discharge tank via a throttle which adjusts the
downstream flow and sets the stage pressure ratio.
15
MIT BLOWDOWN TURBINE FACILITY
1 Meter
Figure 2.1 The MIT Blowdown Turbine External View
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Figure 2.2 The MIT Blowdown Turbine Internal View
17
BOUNDARY
LAYER
BLEEDS
FAST ACTING
INLET VALVE VALVE RAM
Q•rIU Cr."tkUijn
3R
Figure 2.3 Test Section Detail
Figure 2.4 Blowdown Turbine Stage
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The Radial Temperature Distribution (RTD) Generator is an annular, stainless steel
honeycomb structure located upstream of the test section (Figure 2.5). The inner and outer
diameters of the generator are surrounded by jacketed walls through which oil is bled from
the supply tank heating system. This provides for temperature continuity between the heat
exchanger and supply tank. Electrical heating of the generator is also used in the RTD tests
(111 - 116). The honeycomb is uniformly heated around its circumference, at the annulus
midspan. An array of thermocouples imbedded throughout the structure is used to
monitor its temperature [Haldeman].
TEMPERATURE DISTORTION GENERATOR
Stainless Steel
LI---o o•AmL
70 cm
JacKets
Side Center
Figure 2.5 The Temperature Distortion Generator
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The RTD generator is configured to dynamically transfer its stored thermal energy
profile to the flow at an essentially uniform total pressure loss distribution. The flow
downstream of the heat exchanger can therefore contain a temperature nonuniformity while
maintaining a uniform total pressure profile. This is done to avoid creating secondary
flows due to any radial variations in total pressure. The temperature nonuniformity is
characterized by a non-dimensional parameter called the Radial Temperature Distribution
Factor (RTDF). The parameter is defined as
RTDF Tmax -Tmean * 100
where Tmax is the maximum total temperature, Tmean is the mass averaged inlet total
temperature, and Tref is a typical combustor temperature rise scaled to the blowdown
facility. Large values of RTDF correspond to flows with highly distorted total temperature
profiles. A total temperature rake located just downstream of the RTD generator allows the
inlet temperature profile to be measured within 0.25% accuracy [Cattafesta]. Figure 2.6
shows an inlet temperature profile with an RTDF of 15.1%.
Figure 2.6: Upstream Total Temperature Profile with Least Squares Parabolic Fit
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The blowdown turbine testing procedure can be summarized as follows. Initially,
the entire facility is evacuated and the supply tank and fast acting valve are heated by the
circulating oil. The oil bleed and electrical current supplied to the RTD generator are then
adjusted in order to set the desired inlet temperature profile. The valve is then closed, and
the supply tank is filled with a mixture of argon/Freon-12 which reproduces the ratio of
specific heats, y, of combustor exit flow. The vacuum is still maintained in the test section
as the turbine rotor is bought up to operating speed. The test is started by simultaneously
opening the main valve and energizing the eddy brake. A startup transient occurs during
the first 250 ms, and is followed by a steady state period lasting 300 ms, over which, the
corrected parameters are constant to better than one percent. Corrected mass flow remains
fixed as long as the nozzle guide vanes remain choked. The eddy brake keeps the rotor at
constant corrected speed during the test time (250 ms - 550 ms). There is sufficient
thermal inertia in the blades and tunnel walls to keep them at their initial temperature
through the test time. Conventional temperature, pressure, and shaft speed transducers are
used to measure the steady state operating conditions of the turbine.
The MIT blowdown facility was designed to simulate all of the non-dimensional
quantities important to turbine fluid flow and heat transfer. Reynolds, Mach, Prandtl and
Rossby numbers, as well as the ratio of specific heats, corrected speed and mass flow, and
gas-to-metal temperature ratios are all set to their full scale values. In order to provide a
testing environment that is compatible with high resolution temperature and pressure
instrumentation, the metal is intitially set to room temperature. The gas temperature is set
in order to preserve the correct gas-to-metal temperature. Table 2.1 summarizes the design
conditions for the blowdown facility and compares them to the full scale turbine quantities.
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Table 2.1 MIT Blowdown Turbine Facility Scaling
Full Scale Engine MIT Blowdown Facility
Fluid
Ratio of Specific Heats, y
Mean Metal Temperature
Metal - Gas Temperature Ratio
Inlet Total Temperature
True NGV chord
Reynolds No. (based on NGV chord)
Inlet Pressure
Outlet Pressure
Outlet Total Temperature
Prandtl Number
Rotor Speed
Mass Flow
Power
Test Time
Air
1.28
1118 K (1150' F)
0.63
1780 K (27500 F)
8.0 cm
2.7 x 106
19.6 atm
4.5 atm
1280 K (1844" F)
0.752
12,734 rpm
49.00 kg/sec
24,880 kW
Continuous
Argon / Freon-12
1.28
295 K (72" F)
0.63
478 K (400- F)
5.9 cm
2.7 x 106
4.3 atm
1.0 atm
343 K (160 ° F)
0.755
6,190 rpm
16.55 kg/sec
1,078 kW
0.3 seconds
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2.2 Heat Flux Instrumentation
Heat flux measurements were made with thin-film gauges distributed around the
rotor blade profile. These high frequency response transducers measure both the steady
(DC) and unsteady (AC) components of heat flux. Each multilayer gauge is comprised of
two thin film (140 nm) nickel temperature sensors positioned on either side of a 25 ýtm
thick polyimide insulator (Figure 2.7). Standard strain gauge techniques were used to
adhesively bond the gauges to the blade surface. The sensing area for each gauge is only
1.3 mm 2, whereas the insulator completely covers the blade profile to prevent thermal
discontinuities [Epstein, et al., 1986].
HEAT FLOWH A FL WTEMPERATURE
T/  1SENSORS
d INSULATOR
ADHESIVE\ T2
BLADE PROFILE SURFACE
(Not To Scale)
Figure 2.7 Schematic Cross Section of Multilayer Heat Flux Gauge
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The gauges measure heat flux from DC to frequencies over 10 times the blade
passing frequency of 6kHz. At low frequencies, the gauge is essentially a thermal shunt,
and the temperature drop across the insulator becomes a direct measure of the heat flux into
the blade . This direct response modeis valid at frequencies up to 20 Hz, at which point the
thermal response in the insulator begins to damp. In the direct mode, the proportionality
between heat flux and temperature difference is given by
Q = ( AT
where Q is the surface heat flux, k is the conductivity and d is the thickness of the insulator,
and AT is the temperature difference between the upper and lower sensors of a gauge.
At frequencies higher than 1 kHz, the insulating substrate appears infinitely thick to
the upper sensor. A one-dimensional, semi-infinite assumption can be used to infer heat
flux from the temperature history of the upper sensor. The response for the entire
frequency domain, DC to 100 kHz can be reconstructed through numerical signal
processing.
Two of the turbine rotor blades are instrumented with the heat flux gauges. One
blade is instrumented along its midspan at a radius of 25.59 cm from the shaft rotation
axis. A total of 14 blades are distributed from the midspan leading edge to trailing edge, on
the pressure and suction surfaces. The other blade is instrumented along its tip (at a radius
of 26.84 cm) with 16 gauges. The gauges are labelled according to their positions. A rotor
midspan gauge would be designated 'M', and a tip gauge 'T. The first number following
this designation would indicate whether the gauge was located on the pressure surface (1)
or suction surface (0). The second number specifies the gauge sequence with 0 at the
leading edge, increasing to 8 or 9 towards the trailing edge. Locations for these gauges
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are given in Tables 2.2 and 2.3. The first quantity, x, is the distance in centimeters along
the blade surface from the leading edge to the gauge. This is non-dimensionalized by the
total distance from the leading to trailing edge on either the suction or pressure surface.
The rotor heat flux signals were transmitted to the processing equipment through
uncooled slip rings. The signals were amplified, filtered, and then recorded on a 12-bit
A/D system. All signals were sampled simultaneously at up to 200 kHz per channel. Up
to 20 million data samples could be taken during a single test.
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Table 2.2 Gauge Positions for Midspan Instrumented Blade
RADIAL LOCATION:
AXIAL LOCATIONS:
Pressure Trailing Edge ------ >
Leading Edge ------ >
R = 25.59 cm from shaft rotation axis
Gauge
M15
M14
M13
M12
M11
MOO
M01
M02
M03
M04
M05
M06
M07
M08
Suction Trailing Edge ------ >
x (cm)
+ 3.15
2.51
2.01
1.52
1.02
0.51
0.00
- 0.51
- 1.02
- 1.52
- 2.03
-2.67
-3.18
-3.68
-4.19
-4.88
x/S
+ 1.000
0.798
0.637
0.484
0.323
0.161
0.000
-0.104
- 0.208
-0.313
-0.417
-0.547
-0.651
-0.755
-0.859
- 1.000
Table 2.3 Gauge Positions for Tip Instrumented Blade
RADIAL LOCATION:
AXIAL LOCATIONS:
Pressure Trailing Edge ------ >
Leading Edge ------ >
R = 26.84 cm from shaft rotation axis
Gauge
T16
T15
T14
T13
T12
T11
TOO
To01
T02
T03
T04
T05
TO6
T07
T08
T09
Suction Trailing Edge ------ >
x (cm)
+ 3.29
2.93
2.43
1.92
1.52
1.02
0.51
0.00
-0.51
- 1.02
- 1.52
- 2.03
- 2.43
- 2.93
-3.44
-3.95
- 4.46
- 5.04
x/S
+ 1.000
0.892
0.738
0.583
0.484
0.323
0.161
0.000
-0.101
- 0.202
-0.302
- 0.403
- 0.481
- 0.582
-0.683
-0.783
-0.884
- 1.000
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2.3 Summary of Blowdown Test Conditions
The radial temperature distortion (RTD) test series was the third performed in the
blowdown facility with rotor mounted gauges. The RTD tests were labelled 110 - 116.
Data from test 110 was discarded because the corrected speed of the rotor was not at the
proper setting. The first three runs 111 - 116 were run at 120 % corrected speed. At this
speed, the incidence angle at the rotor inlet was 10 degrees less than the design value. The
three 'low incidence' runs covered a range of distortion factors, with RTDF's of 2.2, 9.8 and
15.1. The next three tests (114 - 116) were run at lower rotor speeds (or higher incidence
angles). The fourth and fifth runs were performed at nominal inlet incidence at high and
low values of temperature distortion. For the first five runs, moderate gas-to-wall
temperature ratios of approximately 1.25 were used. The final run, 116, was conducted at
higher inlet temperature resulting in a gas-to-wall ratio of 1.5. The RTD test conditons are
summarized in Table 2.4.
In addition to the RTD tests, data from two previous tests, 47 and 52, was
examined. Comparisons were made between these tests, done before the installation of the
RTDF Generator, and the low RTDF runs. Runs 52 and 113 were both run at 120 %
speed (low incidence), with similar inlet temperatures and pressures. All of the blowdown
tests mentioned were performed by Dr. G. R. Guenette.
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Table 2.4 Rotor Test Conditions
28
RTDF Uniform Inlet
Test Number 111 [112 1113 114 115 116 47 52
RTDF (%) 9.8 2.2 15.1 17.2 1.5 20.8 0 0
Mean Inlet Temp (K) 456 435 459 430 421 532 465 464
Rotor Relative Inlet T (K) 395 376 398 374 366 461 409 400
Corrected Speed (%) 119 122 119 99 101 112 103 120
Gas/Wall Temp Ratio 1.27 1.21 1.28 1.21 1.18 1.49 1.30 1.29
Inlet Pressure (atm) 3.40 3.40 3.52 3.52 3.34 3.53 3.58 3.59
Pressure Ratio 4.13 4.15 4.15 4.06 4.08 4.14 4.10 4.20
3. Reduction of the RTD Test Data
3.1 Introduction
The radial temperature distortion test series was the third performed in the
blowdown turbine facility with rotor mounted gauges. Reduction of this series of heat
transfer data was complicated by the installation of the RTD generator. An error in the
fabrication of the generator resulted in the formation of oxide particles on the braze joints of
the honeycomb structure. These particles were loosened by the thermal cycling, and
dislodged by the flow during the repeated blowdown testing. Inspection of the rig after the
RTD testing revealed considerable abrasion of the test section surfaces.
Discontinuities or jumps were observed in the output of the heat flux temperature
sensors throughout the RTD test series. Although jumps also occurrred in tests conducted
prior to the installation of the RTD generator, their frequency of occurance was
substantially greater during the RTD tests. Some of these discontinuities may be attributed
to electrical problems (e.g. slip rings, disk wiring and connections, amplifiers, etc.). The
vast majority of jumps, however, appear to be a result of sensor erosion caused by particle
impingement.
The temperature sensors on the rotor blade pressure surface displayed the highest
frequency of jumps, as would be expected, given the particle paths through the stage.
Jumps were also much more prevalent on the top temperature sensors because of their
direct exposure to the flow. The bottom sensors were fairly well shielded and thus much
less susceptible to physical damage.
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A specialized method was devised to reduce the heat transfer data from the RTD
tests, because the use of standard data reduction techniques would have resulted in errors
that were of the order of the heat flux levels to be measured. The data reduction process
was a meticulous iterative process which was subdivided, roughly, into three steps: jump
corrrection, temperature calibration, and refinement. In order to avoid biasing the results,
the heat flux at run time was not calculated until the end of this process.
3.2 Data Reduction Procedure
3.2.1 Jump Correction
Anomalous sensors had to be identified and corrected before the raw sensor data
could be converted into temperature. The first step in this process was to plot the voltage
output for each working sensor during the entire data acquisition period. A total of 60
sensors was installed, but the number of those working diminished through the several
RTD runs. Many jumps could be detected from these plots when the sampling rate was
high and when actual temperature changes were not large relative to the magnitude of the
jumps. The sensor sampling rate varied during the 300 second data acquisition period of
each run, with the highest rate occuring over the period of constant turbine corrected
conditions. Bottom sensors were sampled at 1/16 the rate of top sensors. Table 3.1 lists
the rate at which data was sampled for a top temperature sensor.
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Table 3.1: Sampling Rates for Top Sensors
Event Time Sampling Rate Event
0 - 250 ms 20 kHz Start - Up Transient
250 - 550 ms 200 kHz Rotor Test Measurements
550 - 1200 ms 20 kHz Shut - Down Transient
1.2 - 300 sec 20 Hz Post - Test Settling
When temporal resolution was inadequate, jumps appeared as shifts in the DC level
of a signal without changing its slope. Some jumps, however, also changed the slope of
the signal. Once an irregularity was pinpointed in time and magnitude, it was removed by
shifting the voltage level of the sensor file accordingly. Almost all of the approximately
300 jumps removed were in the positive temperature direction. This is consistent with an
increase in resistance resulting from sensor erosion.
Many of the jumps were found to occur during the first 120 ms of the run, with
approximately 75 % occurring before 250 ms. However, about 20 % did appear during the
rotor measurement time or test time (250 ms - 550 ms). Fortunately, these jumps were
readily discernable and could be removed cleanly due to high sampling rate. Jumps were
rarely seen later than 1000 ms into the run.
Figure 3.1 shows a typical top temperature sensor trace for an RTD test. The upper
curve provides an example of the temperature discontinuities found during the first 550 ms
of the run. The lower curve is the temperature trace after several jumps were removed.
The high signal noise level and large temperature increases seen during the first 100 ms can
easily obscure jumps. The shift in initial temperature level is a result of the specialized
calibration procedure used (Section 3.2.2.2).
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Typical RTDF run temperature trace illustrating jumps and initial noise
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Figure 3.1: Jump Correction for a Typical Top Temperature Sensor
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3.2.2 Temperature Sensor Calibration
3.2.2.1 Nominal Calibration Procedure: Calibration of the temperature sensors is
normally a simple process. The transducers are calibrated nominally using a two step
procedure to determine the sensitivity and offset (scale and zero). The scales and zeros
could then be used to convert the voltage stored in the sensor files to a temperature in
degrees Celsius. The scale determines the indicated temperature change, whereas the zero
sets the absolute temperature level.
Sensor sensitivity was found before the RTD test series using a bath calibration.
The rotor blades instrumented with the mounted heat flux gauges were immersed in
constant temperature baths. The bath temperature was increased gradually through the
temperature range expected in the blowdown tests. Scale factors for each transducer were
computed by matching against several bath reference thermometers. These calibrations
were done with the entire signal conditioning chain, the Wheatstone bridge, amplifier, and
A/D, in place (except for some rig internal wiring). This wiring may be neglected, since
sensor resistance is typically several orders of magnitude greater than the total connecting
resistance of the disk wiring, slip rings, cables and connectors.
The offset coefficients were obtained after the instrumented blades were installed in
the blowdown turbine. It was necessary to determine these offset values at the beginning
of each blowdown test because the change in resistance from test to test was of the same
order as the uncertainties in sensor and connecting resistance. The zeros were calculated by
matching the output of each sensor to the temperature indicated by a blade mounted 4-wire
resistance thermometer during the first 30 ms of the run (before flow is established in the
33
tunnel). It was established, during an earlier test series, that the test hardware is in thermal
equilibrium before the start of the run.
3.2.2.2 Calibration of RTD Runs: For the RTD tests, 111 - 116, the nominal calibration
procedure is simply a starting point. After the obvious jumps had been removed, and the
nominal temperature sensor calibration completed, a preliminary assessment of the sensors
was conducted. This was accomplished by observing the temperatures indicated by the
sensors over the post-test phase as the blades approached thermal equilibrium. After
approximately 150 seconds, the temperature distribution along the blade surface should
have been uniform to within 0.5 " C. The temperatures indicated by the bottom sensors
over the 5 minute data acquisition period is shown in Figure 3.2 for a typical RTD test. In
this particular test, the rotor had stopped at about 150 seconds into the run. The tight
banding of the sensors after this time indicates that the blade had achieved a level of
thermal equilibrium sufficient to perform a post test calibration.
In order to perform this post-test calibration, reference sensors were selected from
the tip and midspan instrumented blades for each run. A bottom sensor which displayed
no jumps and whose temperature closely tracked in the isothermal post-test region was
chosen as the reference. Both the slope and level of the reference sensor temperature were
determined from the original nominal calibration coefficients.
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Figure 3.2: Bottom Sensor Temperatures for a Typical RTD Run
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Once a reference was chosen, its slope was compared to the slopes of the other
sensors when thermal equilibrium had been reached (usually by 150 sec). If the slopes
agreed, but the indicated final temperatures disagreed, uncorrected jumps earlier in the run
were suspected. A disagreement in slopes raised the possibility that erosion during testing
had significantly altered the resistance of a sensor and changed its scale factor. Finally,
large discrepancies in both slope and temperature level pointed to more serious problems
with a gauge. Careful evaluation of such gauges was required in order to determine their
potential viability.
A calibration procedure for the damaged gauges was established based on the post-
test isothermal region. In this region, the spatially uniform blade temperature level dropped
by 5 to 10 " C for the RTD tests. This drop in temperature was sufficient to permit an in
tunnel 'psuedo-bath' calibration to determine scales and zeros. The post-test calibration was
considered valid based on the stipulation that the scale and zero of a sensor did not change
between the test time and the calibration region. Since few, if any, uncorrectable jumps
were believed to have occured after the end of test time (550 ms) because of the low flow
rate, this stipulation did not impose any significant restrictions on the use of this procedure.
New scales and zeros were calculated for the questionable sensors by fitting their
temperature traces to the reference in the isothermal region at the end of the run. Indicated
sensor temperatures were matched to the temperature of the reference at two times: over a
10 second interval just after the rotor stopped (usually 120 - 130 sec), and over a similar
interval at the end of the data acquisition period (280 - 290 sec). The calibration region
(usually 120 - 290 sec), was made as large as possible in order to maximize the
temperature drop during this period and thus minimize the calibration error.
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The error associated with this calibration procedure was estimated by computing
the top and bottom temperatures over the first 30 ms of the run. Given the initial thermal
equilibrium, the disparity in the indicated intital temperatures was a measure of the relative
accuracy of the method. A comparison of these sensor temperatures to the 4-wire
reference thermometer at this time also provided a means of evaluating the calibration and
the overall quality of the data. Figure 3.3 presents the initial sensor temperatures for an
RTD test upon completion of the post-test calibration. Average temperature during the first
30 ms is presented as a function of the fractional distance of a sensor from the leading edge
of the blade. The validity of the method is demonstrated by the general uniformity of the
bottom sensor temperatures and the good agreement of top and bottom sensors for four of
the suction surface gauges. However, large temperature errors still persisted in the top
pressure surface sensors even after the jump correction and post-test calibration
procedures. The magnitude of some initial temperature errors was much greater than the
0.5"C expected uncertainty in the calibration procedure. This level of initial error in the
pressure gauges was prevalent for many of the RTD runs, and required further
investigation.
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Figure 3.3:
3.2.3 Refinement
During the initial jump correction procedure, may jumps which occurred before
250ms were left uncorrected, because of the enormous effort required to find and remove
them. More importantly, these pre-test jumps did not affect the test time temperatures
when based on post-test calibrations. Therefore, the next step in the data reduction was to
conduct an intensive search for jumps during the tunnel startup transient for all sensors
displaying errors outside the expected accuracy of the post-test calibration. This search was
undertaken in an attempt to provide a quantitative means of evaluating the data correction
process.
This meticulous signal correction procedure did significantly reduce many of the
initial errors. However, initial temperature disparities comparable to expected rotor test
data remained on some pressure surface gauges. Although some of this disparity could be
attributed to small amplitude jumps which could not be reliably removed, much of the
error could not be pinpointed. These suspect top pressure surface sensors were not
discarded because most, if not all, of the undetected erosion was believed to have occured
before 250 ms into the run. The most probable times for particles to have dislodged from
the RTD generator would have been during the initial blowdown transient and before the
flow achieved steady state at 250 ms. In addition, the steep slope, unsteadiness, and high
signal noise of the top sensor during the first 80 ms of the run made jumps very difficult to
see (See Figure 3.1). The lower initial sampling rate complicated this problem, making
may jumps unresolvable. Actual temperature increases due to compressional heating were
indistinguishable from changes in sensor resistance at this time.
A summary of the estimated condition of each sensor for each run in the test series
is provided in Tables 3.2 and 3.3. Those sensors marked with a 'B' were either
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uncorrectable or destroyed during testing. Sensors with the 'G' descriptor were considered
to have been successfully corrected from 250 ms to the end of the run.
Table 3.2: Midspan Blade Sensor Run History
Run Number
M15 Top
Bottom
111
GI
GI
GI
GI
B
B
GI
GI
B
B
B
G
B
G
B
B
B
B
GI
GI
GI
GI
GI
GI
M14
M13
M12
M1l
MOO
M01
M02
M03
M04
M05
M06
M07
M08
Top Sensors:
Bottom Sensors:
Complete Mid Gauges:
112
GI
GI
G
B
B
G
GI
GI
GI
GI
B
G
B
G
B
B
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
10
12
9
113 114
GI GI
GI GI
B
B
B
G
B
G
GI
GI
B
G
B
B
B
B
B
B
B
B
GI
GI
GI
GI
GI
GI
GI
GI
6
9
6
B
G
B
G
B
G
GI
GI
B
G
GI
GI
B
B
B
B
B
B
GI
GI
GI
GI
GI
GI
GI
GI
6
10
6
40
115
GI
GI
B
G
B
G
B
B
GI
GI
B
G
GI
GI
B
B
B
B
B
B
GI
GI
GI
GI
GI
GI
GI
GI
7
10
7
116
B
G
B
G
B
G
B
G
B
G
B
G
B
B
B
B
B
B
B
B
GI
GI
GI
GI
GI
GI
GI
GI
4
10
4
Table 3.3: Tip Blade Sensor Run History
Run Number
T16 Top
Bottom
T15
T14
T13
T12
T11
TOO
T01
T02
T03
T04
T05
T06
T07
T08
T09
Top Sensors:
Bottom Sensors:
Complete Tip Gauges:
111
B
G
115
GI
GI
B
G
GI
GI
B
G
GI
GI
116
B
B
B
G
B
G
B
B
B
G
B
G
GI
GI
GI
GI
B
G
GI
GI
GI
GI
B
B
B
B
B
B
GI
GI
GI
GI
B
B
GI
GI
B
G
GI
GI
112
B
G
B
G
GI
GI
GI
GI
B
G
GI
GI
GI
GI
B
B
B
B
B
B
GI
GI
GI
GI
B
G
B
G
B
G
GI
GI
7
13
7
113
GI
GI
B
G
GI
GI
GI
GI
GI
GI
GI
GI
GI
GI
B
B
B
B
B
B
GI
GI
G
B
B
B
GI
GI
B
G
GI
GI
10
11
9
114
GI
GI
B
G
GI
GI
B
G
GI
GI
GI
GI
GI
GI
B
B
B
B
B
B
GI
GI
G
B
B
B
GI
GI
B
G
GI
GI
9
11
8
GI
GI
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3.3 Evaluation of the RTD Heat Flux Data
The quality of the suction surface heat flux data for the RTD runs falls within the
previously observed performance obtained from rotor mounted sensors. The relative error
in the temperature sensor measurements was 0.5" C. This resulted in a relative error in
heat flux of approximately 5% (4500 W/m2), and a 10% absolute measurement
uncertainty. The quality of the pressure surface test time data was more difficult to assess,
and was dependent upon the times at which sensor erosion occurred. If it could be shown
that these initial pressure surface temperature discrepancies were purely the result of
difficulties during the start-up transient, then the quality of this data should be
commensurate with that demonstrated for the suction surface (better than 0.5"C or 4500
W/m2). However, if the erosion process had continued well into the test interval, serious
concerns about the validity of the post-test calibration and the usefulness of this data would
have arisen.
Two approaches were used to evaluate the quality of the data. First, time histories
for the blade heat flux distributions were examined. These surface heat flux levels should
drop to less than 1% of their values at test time (250 - 550 ms) by about 30 to 60 seconds.
In addition, the heat flux distribution should become more uniform as time progresses.
Any irregularities in the time evolution of the heat flux over the blade could point to sensor
correction problems. The second approach was to compare the results of the two low
distortion RTD runs to tests conducted before the installation of the RTD generator.
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3.3.1 Heat Flux Distribution Time Histories
The results of any erosion would be apparant in the time histories of the blade heat
flux distribution. If significant erosion were occurring after the initial startup transient, it
would be manifested at some time before the post-test calibration period, where all sensor
data would track as a result of the calibration procedure. Erosion, even at 10% of the initial
error levels would become evident in the heat flux histories.
Figure 3.4 plots the heat flux distribution for the midspan gauges over the entire
data acquisition period of an RTD test. Figure 3.5 contains heat fluxes for the tip gauges of
the same test. The initial and test time distributions are presented separately from the post-
test distributions for clarity. The large uncertainties in the initial pressure surface data can
be clearly seen in Figure 3.4 (a). The tight band of data during the test time (300 - 525 ms)
indicates that particle impacts are not occurring at this time. In Figure 3.4 (b), the decay of
heat transfer after the test time does not indicate any anomalies. The behavior at the 1 and 2
second time slices is a tunnel characteristic due to the cessation of flow through the turbine.
The repeatability of this characteristic is evidenced throughout the entire run series.
Figure 3.5 illustrates a problem with one of the tip suction gauges which was not
caught during the data reduction process. The T05 suction gauge at the - 0.48 location
indicated an acceptable initial error, but showed anomalous behavior thoughout its heat flux
time history. Close examintion showed the gauge to be defective. Several other problems
were also discovered in this manner. However, no serious problems with the run time heat
flux data were uncovered.
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Figure 3.4: Heat Flux Distribution vs. Time for Midspan Gauges (Test 111)
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Figure 3.5: Heat Flux Distribution vs. Time for Tip Gauges (Test 111)
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3.3.2 Comparison with Previous Test Data
The validity of the specialized data reduction procedure for the RTD data was
confirmed by comparing the low RTD runs to previous blowdown turbine tests with
constant inlet temperatures. Test conditions from two RTD runs and from two previous
runs conducted before the installation of the RTD generator matched closely enough to
permit a direct comparison. The pre-RTD runs utilized the same midspan instrumented
blade as the RTD runs. Comparisons were made between tests 112 (RTD) and 52, and
tests 115 (RTD) and 47. The test conditions are given in Table 3.4.
Table 3.4: Conditions for Rotor Data Comparion Tests
Test Number 112 52 115 47
RTD Generator yes no yes no
RTDF (%) 2.2 0 1.5 0
Tgas Relative (K) 376 400 366 409
Tgas / Twall 1.21 1.29 1.18 1.30
Corrected Speed (%) 122 120 101 103
Pressure Ratio 4.15 4.20 4.08 4.10
Heat transfer coefficients, or Nusselt numbers, were calcalated for each test as a
basis for comparison to account for the slightly different inlet conditions and gas-to-wall
temperature ratios of the tests. The driving temperature used in the Nusselt number
calculations was based on the difference between the average gas temperature, given in
Table 3.4, and the wall surface temperature. The rotor relative total temperatures used in
the calculations were derived from either the tunnel test conditions or from a streamline
curvature model.
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Comparisons for tests 112 / 52 (low rotor incidence) and tests 115 / 47 (nominal
incidence) are shown in Figures 3.6 and 3.7. Considering that the pressure surface errors
were a factor of 10 greater than the rotor heat loads for test 112, this level of agreement
thoroughly substantiates the overall data reduction process devised for the RTD tests.
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Figure 3.6: Rotor Test Data Comparison (Low Incidence Runs)
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4. Calculation of the Inviscid Flow Field
4.1 Introduction
A computer code was used to simulate the steady 3D inviscid flow field within the
blowdown turbine. Results from the computational fluid dynamics (CFD) were used to
study the flow field and to analyze the experimental heat transfer data. Redistribution of the
inlet total temperature profile in the turbine rotor passage due to inviscid effects was
examined. The total temperature distributions predicted over the blade surface were an
important result of the CFD analysis. These blade temperatures were used as the driving
or free stream gas temperatures in the calculation of the non-dimensional heat transfer
coefficients.
4.2 Description of CFD Code
The MULTISTAGE code written by Denton of Cambridge University was used
for all the CFD calculations. MULTISTAGE calculates the steady state 3D flow through
turbomachinery blade rows using a time marching solution of the Euler equations. The
unsteady continuity, momentum, and energy equations are integrated in finite volume form
until a steady state is reached. A set of inter-locking control volumes is formed by the
three dimensional grid which is generated in physical space. A simple H-mesh is used,
with the variables stored at the cell corners. The simplicity of the H-grid has its
disadvantages, and presents some difficulty when modelling the blade geometry. This will
be discussed in detail in Section 4.3.2.
49
The current version of the code being used (updated in 1988), contains various loss
subroutines which are very useful for calculations involving several blade rows. These
routines allow for a distributed body force to simulate viscous effects and account for
boundary layer blockage. In this case, however, the loss routines were not used because an
inviscid flow calculation through a single stage was desired.
Multistage allows for a maximum of 300 nodes in the axial direction and 19 mesh
points in both the pitchwise and spanwise directions. As its name implies, the program
also allows for multiple blade rows, 10 or more, which are in relative rotation. A multigrid
method is used in order to speed convergence. Information about the overall flow is
allowed to propogate quickly on a coarse grid while more detailed aspects of the flow are
resolved on a finer grid. Two of the three available levels of multigrid are used. Each
coarse grid is formed by combining a 3 x 3 x 3 group of elements from the previous grid
level into a single block.
The code is based on an opposed-difference scheme which uses a very simple and
fast first order scheme initially, and then adds on second or higher order accuracy as
covergence is approached. In order for the explicit time marching scheme to be stable, the
time step multiplier, FT, must satisfy the following condition:
FT < 1
1+ Mmax
where Mmax is the maximum relative Mach number expected anywhere in the flow.
Smoothing is used in the pitchwise and spanwise directions in proportion to the size of the
time step, and is dropped to zero near convergence.
The inter-row mixing model applied to the plane between the blade rows is of
importance because of the proximity and high loading of the ACE turbine blade rows.
Denton treats the elements which are at the same spanwise location immediately upstream
of the mixing plane as a single element spanning the entire pitch. This procedure ensures
overall conservation at the mixing plane, but also allows for circumferential variation of the
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fluxes. The treatment is very effective in removing the circumferential influence of closely
spaced blade rows. Another important attribute of this pitchwise 'averaging' technique is
that it does not affect the spanwise variations in the flow [Denton].
The boundary conditions used by Multistage are fairly simple and straight forward.
The only condition applied to solid boundaries such as blade surfaces and endwalls is no
flow through the surface.
Total pressure, total temperature, and flow direction are prescribed at the inflow
boundary. These properties are entered at each spanwise location, which allows radial
variations to be readily specified.
At the outflow boundary, only the static pressure needs to be specified. The value
for static pressure at the hub is fixed, and the pressure at the other points is calculated from
the assumption of simple radial equilibrium. In order for this assumption to be realistic,
the curvature of the annulus profile should be small at the downstream boundary (i.e.: the
cross-sectional area should approximately constant at the exit).
4.3 Code Validation
Multistage was used to model a planar cascade before simulating the blowdown
turbine RTD tests. The cascade calculations were used to validate the code by comparing
them to experimental data. Mach number blade distributions were obtained from cascade
testing done on the same Advanced Core Engine (ACE) geometry as contained in the
blowdown turbine [Ashworth, et al.]. Studying the variation in total temperature and
pressure predicted by the 2D cascade simulation is another means of evaluating the code,
since those quantites should remain constant in the flow.
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The MULTISTAGE cascade simulation was also useful in indicating the order of
magnitude of the numerical error to be expected in calculating the rotor flow field of the
blowdown turbine tests. This was accomplished by testing the cascade at flow inlet angles
which were expected in the rotor of the blowdown turbine. Errors in total temperature due
to angle variations could be compared to the variation in Ttotal due to the inlet temperature
distribution. Predictions of spanwise variation in rotor incidence angle were made from
streamline curvature calculations.
4.3.1 2D Rotor Cascade Model
The rotor profile tested in the Ashworth cascade is the same as that in the MIT
blowdown turbine facility. The only difference is that the cascade is modelled by a blade
profile that does not vary along its span. This 2D profile is the midspan profile of the
three-dimensional rotor blade in the blowdown tunnel. The cascade has an inlet span of
50mm and an outlet span of 56.1mm. This is accomplished by a 10 degree expansion
along one sidewall from the blade leading edge to the trailing edge. The expansion is
evident in the meridional grid which represents the cascade (Figure 4.14).
Although the majority of the measurements made in the Ashworth study were
unsteady, baseline steady state results were also presented. Aerodynamic data along the
profile was provided by 30 pressure taps along the blade surface. The cascade was tested
at various free stream Mach numbers and incidence angles. Data was taken at incidence
angles of 48", 58", and 63* (-10", design, and +5* respectively). The test case run at 48 °
incidence (-10 degree off design) was of most interest, since that flow angle corresponds to
the 120% speed blowdown turbine runs for which CFD calculations were made. Table 4.1
summarizes the cascade free stream test conditions that were modelled in the
MULTISTAGE code.
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Table 4.1: Cascade Test Conditons
Incidence Angle = 48.1'
Total Pressure = 238.6 kPa
Total Temperature = 432 K
Inlet Mach Number = 0.573
Exit Mach Number = 1.18
The static pressure at the flow outlet as required by the code was determined to be 190.9
kPa from the inlet total pressure and exit Mach number assuming isentropic flow.
MULTISTAGE requires that blade rows be input in annular form. In order to
approximate the cascade as planar, the annulus was generated at a radius of 10 meters.
Given the blade span of 50mm (0.05m), the hub-to-tip ratio is very near unity, and the
flow is essentially two dimensional. The rotational speed of the single blade row was
entered as zero, and the swirl angle at the inlet was fixed at 48.1 degrees.
4.3.2 Rotor Grid Optimization
The transonic flow conditions within the turbine rotor passage present difficulties
when modelling the blade geometry with a simple H-grid. It is impossible to exactly
represent a turbine blade profile without causing extreme grid skewing. Skewing of grid
cells results in numerical errors which can be large especially in high Mach number flows.
Trade offs are inherent in the blade modelling process. On one hand, attempting to
accurately depict a surface may result in deformed grid cells which can cause errors that
propogate into the flow. Alternatively, modifying the grid to avoid numerical errors
requires that the actual geometry be misrepresented. To complicate matters, Euler solvers
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are very sensitve to small changes in blade curvature. This treatment, therefore, can
produce a calculated flow field which is an unrealistic representation of the real flow.
The difficulties in modelling a turbine blade are most apparent at the circular leading
and trailing edges. Problems are incurred because a circle cannot be rendered with good
resolution in this grid system without significant grid skewing. As the tangent to the circle
approaches the circumferential direction, the included angle of the adjacent grid cell
approaches zero. See Figure 4.1. Skewed cells which contain angles of approximately 10"
or less present problems when attempting to distribute flow quantities to the cell nodes
where they are stored. Thus, egregious numerical errors can result at a highly loaded
leading edge which is not cusped.
Ups~rtatK tiDACS
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Figure 4.1: Grid Skewing at Circular Leading Edge
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An H-grid has another limitation in modelling the leading edge. The most axially
forward point, the geometric leading edge, must be designated as the leading edge of the
grid. Since the upstream grid nodes are generated from the grid leading edge, the grid
could be better tailored to the flow if the flow stagnation point were specified as the leading
edge.
Two basic types of leading edge approximations were compared. The first leading
edge grid was essentially uncusped. It was generated by extending 20* tangents from the
leading circle on both the pressure and suction sides. This was done only to avoid
generating grid cells which contained included angles of less than 20 degrees. The
uncusped grid profile follows the actual blade shape until very near the leading edge
Figure 4.2: Uncusped Leading Edge Profile
55
The second leading edge mesh was formed using a cusp. The cusped leading edge
grid was also formed by taking a 20' tangent from the suction surface. However, the
tangent from the pressure surface was drawn from further downstream on the blade
surface (Figure 4.3). The cusped leading edge extends further upstream than the uncusped
leading edge. More importantly, the cusped grid was generated in the same approximate
direction as the oncoming flow. The result is that the grid leading edge is closer to the flow
stagnation point than to the geometric leading edge, and computational errors are
minimized.
Figure 4.3: Cusped Leading Edge
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Both types of leading edge meshes contained a cusp at the trailing edge. Cusping
the trailing edge is a fairly standard and simple task. The suction and pressure surface are
merely extended with tangents as opposed to following the trailing edge circle. The trailing
edge cusps are evident in Figures 4.4 and 4.5 which depict the blade profiles generated by
the cusped and uncusped leading edge cases.
N
Figure 4.4: Blade Profile for Uncusped L.E. Case
Figure 4.5: Blade Profile for Cusped L.E. Case
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Before comparing the two types of leading edge meshes, several iterations were
performed in order to optimize the grids. The maximum number of grid nodes, 19 in the
spanwise and pitchwise directions, were used in each case. The number of nodes in the
axial directions was varied from 81 to 100. In addition, the distribution of the nodes in the
circumferential and axial directions was experimented with.
The effect of both the number and distribution of grid nodes in the axial direction
was studied. Parameters that were varied included the initial axial spacing of nodes at the
leading edge, and the rate at which this spacing was increased downstream along the blade.
Another tradeoff exists in determining the optimal number of nodes needed to model the
leading edge. A high concentration of nodes is desired, especially if the leading edge is
highly loaded and not cusped. However, making the axial spacing, dx, too small causes
adjacent grid cells to have large aspect ratios. The aspect ratio of a cell is the ratio of node
separation in two different directions (i.e. (dx) pitch / (dx) axial ). As this ratio increases,
computational errors associated with variable node storage increase. The optimal axial
spacing seems to be approximately 1% of the axial chord initially, increasing gradually to
about 4% along the remainder of the blade. The increase in axial dx was accomplished by
a multiplication factor of between 1.1 and 1.15.
The only grid variable adjusted in the circumferential or pitch direction was the
relative spacing of the nodes. Normally, when using a loss model in the calculations,
concentrating the nodes near the blade surface improves accuracy. However, for the
cascade calculation, an even spacing of nodes in the pitch was found to provide equal or
better accuracy than unevenly spaced grids. Figure 4.6 shows the same grid with an even
and an uneven pitch spacing. The only difference in the grids is that 4.6 (a) has evenly
spaced pitch nodes, and 4.6 (b) has a relative spacing which increases from 1.0 at the blade
surfaces to 4.5 at the middle of the passage.
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Figure 4.6: Cascade Grid (a) Pitch Nodes Equally Spaced (b) Uneven Pitch Spacing
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Once the computational grids were optimized, comparisons were made between the
cusped and uncusped leading edge configurations. The test cases were all run with the
same conditions (specified in Table 4.1). The 2D cascade with constant upstream total
temperature and pressure makes a comparative analysis of the grids simple. Total
temperature should remain constant throughout the entire flow field. Total pressure should
also be fairly constant because the code is inviscid. In the presence of shocks, dowstream
total pressure should decrease only slightly. Any increase in total temperature or pressure
beyond their values at the inlet is an indication of numerical error. Another variable used to
compare the calculations was the loss, defined as the local entropy divided by the entropy at
the inlet midspan. The loss coefficient should equal one for a flow without losses. It is
given by:
Loss = (Po local To inlet s
(Po inletdTo local)
Figures 4.7 through 4.9 are contour plots of loss, total pressure, and total
temperature at the midspan plane between the blade surfaces. Figures 4.10 - 4.12 show the
distribution of these quanties over the blade surface as a function of fractional surface
perimeter.
The contour plots of entropy (Figure 4.7) show that the cusped case has a loss
coefficient much closer to unity through the entire flow. In the cusped case, the loss
coefficient on the blade varies from 0.98 to 1.02. The uncusped case has a loss coefficient
which does not exceed 0.98, and which spikes down to 0.89 at the leading edge (Figure
4.10) . This spike can be seen as a region on the loss contour plot at the leading edge of the
suction surface. Most of the entropy is apparantly generated on the suction surface simply
because of the definition of the leading relative to the stagnation point.
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Total pressure deviates by approximately 2 - 3% from the inlet value through the
bulk of the flow for both cases. The difference in the two cases is most dramatic at the
leading edge where the uncusped grid indicates a total pressure ranging from 106% to 89%
of the inlet value. The Pt for the cusped grid varies from 99% to 104% (see Figure 4.11).
The blade distribution of Pt for the cusped leading edge shows a significant improvement
over the uscusped case, but some error exists along the suction surface. This can be
explained by the error in Pt generated at the leading edge which propogates down along the
suction surface (Figure 4.8).
Total temperature error plots are an important measure for comparing the grids.
One reason is that the value should be absolutely fixed at 432 K barring calculation error.
The Ttotal distribution over the blade is also crucial because it will be used in calculating
Nusselt numbers. The contour plots of temperature (Figure 4.9) show a high temperature
region (440 K) at the leading edge of the uncusped grid. High temperatures are also visible
along the entire pressure surface and on the suction surface downstream of the trailing
edge. The temperature error at the leading edge propogates downstream and raises the
values along the pressure surface by approximately 2 degrees. The uncusped grid,
however, does better than the cusp along the blade suction surface (Figure 4.12). Again,
the major improvement offered by the cusped mesh is a reduction in the size of the leading
edge total temperature spike from 14 degrees to 6 degrees.
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Figure 4.7: Entropy Contours for the (a) Uncusped and (b) Cusped Cascade Grids
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Figure 4.8: Total Pressure Contours for the (a) Uncusped and (b) Cusped Cascade Grids
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(a)
Figure 4.9: Total Temperature Contours for the (a) Uncusped and (b) Cusped
Cascade Grids
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Figure 4.10: Comparison of Cascade Blade Distribution of Loss Coefficient
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4.3.3 Comparison of CFD Results and Cascade Data
The grid finally chosen to respresent the rotor profile is cusped at both the leading
and trailing edges. A total of 33 points in the axial direction are used along the blade
surface with additional points usptream and downstream. The full nineteen points are used
in the circumferential and radial directions. All the nodes are evenly spaced in each of the
three directions. The computational grid at the midspan streamwise surface (0 - x plane)
can be seen in Figure 4.13. The grid in the meridional plane (radial - axial plane) on a
bladewise surface is plotted in Figure 4.14.
Figure 4.13: Cascade Grid on Streamwise Surface
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Figure 4.14: Cascade Grid in Meridional Plane
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The MULTISTAGE calculations of Mach number and static pressure distribution
over the blade were compared both to another CFD code, and the cascade data from the
Ashworth study. Blade loading predictions were made using the MULTISTAGE and 2D
UNSFLO programs. UNSFLO is 2D unsteady Euler code which had been used to
calculate the steady-state pressure over the cascade blade. A comparison of the two
predictions for blade loading is plotted in Figure 4.15. Both inviscid codes agree very
closely along the pressure surface. There is slight overshoot at the leading edge of the
UNSFLO calculation where the static pressure exceeds the inlet total pressure (Ps/Po > 1).
The pressures along the suction surface also agree fairly well from the leading edge to
midchord. MULTISTAGE predicts a higher static pressure near the trailing edge of the
suction surface.
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
Suction X/S Pressure
1.00
Figure 4.15: Comparison of Cascade Blade Loading Predictions at Midspan
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Mach number and static pressure comparisons are made between the
MULTISTAGE calculation and the cascade data in Figure 4.16. Only the Mach number
was given in the experimental data, and was converted into static pressure using the
following isentropic relationship:
Pstatic L2
The plots show excellent agreement at the leading edge and along the entire pressure
surface. Multistage predicts too low a Mach number and too high a static pressure along
most of the suction surface. The shape of the curves is different near the trailing edge of
the suction surface. This may be due to the influence of the trailing edge cusp.
Figure 4.17 compares all the static pressure distributions for MULTISTAGE,
UNSFLO, and the Ashworth cascade. This plot makes the good agreement on the
pressure surface clear. The relatively poor prediction for the suction surface near the
trailing edge is a characteristic of both simulations. UNSFLO, however, is better at
predicting the general trends in that region. This may be attributable to the orthogonal grid
it uses, which has advantages in modelling simple geometries.
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4.3.4 Prediction of Rotor Inlet Conditions
The cascade calculation was run at several flow inlet angles in order to test the
tolerance for flow variation of the computational mesh. The angles used, other than the
nominal 48%, spanned the range of relative inlet angles expected in the test 52 (constant inlet
temperature) and 113 (15.1% RTDF) cases. These are the two blowdown runs to be
simulated by the MULTISTAGE code. Angle predictions were made using simple
velocity triangle calculations and streamline curvature computations.
4.3.4.1 Velocity Triangle Calculations:
Simple predictions of rotor relative inlet conditions were made at the hub, tip and
mean sections of the rotor span. Information required for these calculations was obtained
from the ACE turbine design data and from blowdown turbine test conditions. The flow
outlet angle and Mach number at the exit of the nozzle guide vane at the three radial
locations was taken from design extracts. The total temperature and pressure, as well as
the rotor speed and dimensions, were taken from test 52 and 113 run data. These
quantities are tabulated in Tables 4.2 and 4.3.
Table 4.2 Inputs for Velocity Triangle Calculations (Test 52)
Mach @ Angle @ Total Total Rotor Radius
NGV NGV Temp Pressure Speed
Outlet Outlet
Tip 1.15 72.40 465 K 363.5 kPa 7,298 rpm 0.2756 m
Midspan 1.224 73.5* 465 K 363.5 kPa 7,298 rpm 0.2540 m
Hub 1.264 70.7' 465 K 363.5 kPa 7,298 rpm 0.2324 m
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Table 4.3 Inputs for Velocity Triangle Calculations (Test 113)
Mach @ Angle @ Total Total Rotor Radius
NGV NGV Temp Pressure Speed
Outlet Outlet
Tip 1.15 72.4' 390 K 378.1 kPa 7,425 rpm 0.2756 m
Midspan 1.224 73.50 500 K 378.1 kPa 7,425 rpm 0.2540 m
Hub 1.264 70.7' 390 K 378.1 kPa 7,425 rpm 0.2324 m
Several simplifying assumptions were made in using the data from the tables. It was
assumed from the Munk and Prim substitution principle [Munk, et. al.] that varying the
total temperature profile at the inlet did not significantly alter the streamline distribution or
change Mach numbers in the stator. Therefore, the same NGV exit Mach numbers and
flow angles were used for calculations of both runs 52 and 113. In addition, inlet total
temperature was assumed not to be redistributed radially at the stator exit. The velocity
triangle calculations were only rough approximations done with the intent of getting an
order of magnitude estimate of the range of spanwise rotor relative inlet angles.
The calculation procedure can be outlined as follows. First all the conditions at the
NGV exit were calculated. Static temperature was determined from the total temperature
and Mach number. Temperature was used along with the ratio of specific heats, y, and gas
constant, R, to find the speed of sound at the stator outlet. The exit velocity vector was
determined given the exit angle and Mach number, and the speed of sound. Velocity
triangles were determined next. The wheel speed, coR, was calculated given the rotor
r.p.m. and radial location, and subtracted from the NGV exit velocity vector to obtain the
rotor relative inlet angle and velocity. Knowing this relative velocity and the speed of
sound, the rotor relative inlet Mach number was found. Since static temperature is the
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same in both stator and rotor frames, the NGV value could be used along with the rotor
relative Mach number to find the rotor relative total temperature. The stagnation pressure
could be calculated in the same manner as temperature. The results are given in Table 4.4.
Table 4.4: Results of Velocity Triangle Predictions
Inlet Angle
Test 52 Test 113
38.80 38.1"
49.90 52.50
49.70 46.60
Inlet Mach No.
Test 52 Test 113
0.446 0.442
0.540 0.571
0.646 0.608
Relative Ttotal
Test 52 Test 113
403 K 338 K
400 K 432 K
402 K 335 K
These simple velocity triangle calculations predict rotor relative inlet angles that vary from
approximately 38 to 50 degrees for both the RTD and uniform inlet runs. There is a
similar trend in Mach number prediction, with both runs decreasing from about 0.62 at the
hub to 0.44 at the tip. In the uniform inlet run, 52, rotor relative total temperature remains
at about 400 K along the entire span. The high RTD run, 113, still shows a strong radial
temperature non-uniformity of about 100 degrees in the relative frame of reference.
4.3.4.2 Streamline Curvature Calculations:
In order to get a better estimate of the relative flow properties at the rotor inlet,
streamline curvature computations were done by Rolls Royce for several of the blowdown
tests. The blowdown turbine geometry and the test conditions for runs 52 and 113 were
used in the following calculations. Spanwise distributions of rotor incidence angle and
relative total temperature and pressure at the inlet to the rotor are plotted in Figures 4.18 -
4.20.
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Figure 4.18: Streamline Curvature Prediction of Rotor Incidence Angle
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The prediction of the inlet angle variation (Figure 4.18) is similar for the zero and high
RTDF cases. For run 52 (zero RTDF), the angle increases from 38 degrees at the hub to
52 degrees near the midspan. An increase in angle from 30 degrees to 56 degrees is seen
in the calculations for run 113, with the large RTDF. The majority of the flow has an rotor
inlet angle which lies between 35 and 55 degrees.
The relative total temperature distribution at the rotor inlet predicted by streamline
curvature (Figure 4.19) agrees with the velocity triangle estimations. An approximately
constant temperature of 400 K is predicted for run 52, whereas a variation of about 120 K
( 311 K - 435 K ) is predicted for run 113. The overall shape and magnitude of the radial
temperature profile in the stationary frame of the NGV is preserved in the rotor relative
frame.
Relative total pressure at the rotor inlet is predicted for runs 52 and 113 in Figure
4.20. It is non-dimensionalized by the inlet total pressure at inlet upstream of the NGV.
Both the zero and high RTDF cases show similar a similar trend, increasing from about
0.46 to 0.52 along the span. The predictions for run 113, however, indicate lower
pressures at the hub and tip, and higher pressures than run 52 in the midspan region. The
variation range of rotor relative Pt is only 5 % of the upstream inlet value for run 52, and
6 % for run 113.
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4.3.5 Error Estimation using Cascade Model
The simplicity of the 2-dimensional rotor cascade flow makes it a useful tool for
estimating the errors that may be incurred in the blowdown turbine simulations. By
varying the flow incidence angle in the cascade simulation through the range expected in
the blowdown turbine, an estimate of the resulting change in flow quantities could be
made. Based on the velocity triangle and streamline curvature predictions, the cascade
simulation was run at 35 and 55 degree incidence angles. The computational grid and
boundary conditions used were the same as those used in the original 48 degree case.
Contour plots of total temperature, total pressure and entropy for each of the three
cases, 35%, 48' and 55', were made. Figure 4.23 indicates that the entropy or loss
coefficient remains very near unity in the bulk of the flows. The loss remains between
0.98 and 1.01 throughout most of the flows for all three cases. All the cases show a
decrease in entropy near the later part of the suction surface which is due to a shock
formation. The primary change caused by varying the incidence angle from the 48° case
was the creation numerical error at the leading edge which primarily affects the loss near
the pressure surface.
The total pressure contours, Figure 4.24, show that the error in Pt in the main flow
was less than 2 % of the value at the inlet. There was a decrease in total pressure further
downstream near the trailing edge due to the presence of a shock. The most noticeable
difference in the 35 and 55 degree runs was an increase of the error at the leading edge by
as much as 5 % of inlet Pt. The error along the blade surface can be seen more clearly in
Figure 4.21 (Pt blade distribution). Fortunately, the errors near the blade do not propogate
very far into the flow, and would therefore not produce any significant spurious secondary
flow patterns.
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Figure 4.25 shows the total temperature contours for the three incidence angles.
Again, it is clear that the main flow is not significantly changed. Total temperature is
constant to within ± 2K except near the blade where the errors are much larger. The
temperature distribution over the blade, however, is the most important objective of the
CFD analysis. The effect of inlet angle change on the blade distribution is shown in Figure
4.22. Numerical error spike at the leading edge is increased from 6 K in the 48 degree
case, to as much 12 K (55") and 15 K (35*). In the 55 degree simulation, the error along
the suction surface is less than 3 K, but the pressure surface errors are as large as 6 K. In
contrast, the 35 degree case exhibits smaller errors on the pressure surface (3 K) and higher
suction surface discrepancies as large as 8 K near the leading edge.
Although the total temperature errors over the blade surface range from 3K to 15K,
they are less than 10 percent of the radial temperature variation of the high RTDF run. A
spanwise redistribution of streamlines would therefore result in an easily differentiable
change in temperature along the blade profile.
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0Figure 4.22: Effect of Incidence Angle on Blade Total Temperature Distribution
84
6to
Cr)
.t
0
Ui
C"
o
C"N
0
-~- -
(a)
Figure 4.23: Effect of Cascade Incidence Angle (a) 48* (b) 35* (c) 55*
on Entropy Contours
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Figure 4.24: Effect of Cascade Incidence Angle (a) 48* (b) 35* (c) 55*
on Total Pressure Contours
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Figure 4.25: Effect of Cascade Incidence Angle (a) 48" (b) 35* (c) 55*
on Total Temperature Contours
87
(b) (C)
4.4 Modelling the Blowdown Turbine
4.4.1 Blade Geometry
The blowdown facility contains a single stage turbine with a row of stators or
nozzle guide vanes (NGV's) followed by a row of rotor blades. Thirty six (36) stator
blades with an axial chord of 33.9 millimeters are distributed in the first blade row. A
larger number, 61, of smaller blades (axial chord = 25.7 mm) comprise the rotor blade
row. The two blade rows are closely spaced with an axial gap or separation of only
10.8mm.
Each of the stator and rotor blades is three dimensional and has a profile which
varies along its span. The blade profiles at the hub and tip were entered into
MULTISTAGE, and a linear interpolation between the two sections was calculated by the
code. Figures 4.26 and 4.27 show the stator and rotor profiles at the hub and casing
sections of the annulus. The outline of the actual blade is superimposed on the grid nodes
which define the blade surfaces in both figures. Cusps are evident at the trailing edges for
both the NGV's and rotor blades. However, only the rotor blade has a cusped leading
edge. Less stringent flow conditions at the NGV leading edge do not require the use of a
cusp.
The stator blades are about 20 percent thicker at the crown of the tip section than at
the hub. A much smaller increase in blade thickness from the hub to tip sections is evident
in the rotor blade geometry. However, while the angle of the stator trailing edge is
approximately constant from hub to tip, the rotor blade is twisted along its span. Flow
leaving the rotor blade trailing edge has a somewhat higher swirl angle (in the rotor relative
frame) near the tip as compared to the hub.
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Figure 4.26: Blowdown Turbine Nozzle Guide Vane Profile at (a) Tip and (b) Hub
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Figure 4.27: Blowdown Turbine Rotor Blade Profile at (a) Tip and (b) Hub
90
I-
dIN
( I
(b)
I
Figure 4.28 is a view of the computational mesh on a streamwise surface at the
midspan. The mixing plane which connects the two blade rows is evident in this view.
Apparant variations in the width of the inlet to the stator are a result of the changing radius
of the mesh.
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Figure 4.28: Blowdown Turbine Computational Mesh on Streamwise Surface
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4.4.2 Annulus Geometry
The blowdown turbine annulus geometry is highly three dimensional. Before
entering the NGV blade row, the inlet annulus contracts, reducing the inlet area by roughly
fifty percent. The radius of the hub section is at its largest value near the stator trailing
edge. The annulus then expands through the rotor blade row, and achieves a constant area
less than one chord length downstream of the rotor trailing edge (Figure 4.29). These
changes in the annulus profile are clearly seen in the meridional view of the computational
grid (Figure 4.30). Three dimensional views of the computational grid are presented in
Figures 4.31 and 4.32.
NGV
Figure 4.29: Cross Section of Blowdown Turbine Test Section
92
-50. -25. 25. 50. 75.
Axial Distance (mm)
Figure 4.30: Blowdown Turbine Computational Mesh on a Meridional Surface
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Figure 4.31: Three Dimensional View of Blowdown Turbine Computational Mesh
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Figure 4.32: Alternate 3D View of Blowdown Turbine Computational Mesh
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4.4.3 Input Conditions
Two of the blowdown turbine runs, 52 and 113, were simulated using
MULTISTAGE. Both tests were run at similar conditions or settings, with the exception
of the inlet total temperature distribution. Test 52 was a constant inlet temperature run,
whereas test 113 had a 15.1% RTDF (which is believed typical for a high performance
combustor). The inlet total temperature profile used in MULTISTAGE to model run 113
is shown in Figure 4.33. Total pressures prescribed at the turbine inlet were constant in
both cases. Static pressure was prescribed in the code at the hub of the exit plane according
to actual values measured during testing. The specific heat, cp, and the ratio of specific
heats, g, for the blowdown turbine argon/Freon-12 mixture were entered into the code.
Both blowdown tests were run at about 120% corrected speed, but the actual rotor speeds
in revolutions per minute (rpm) were somewhat different. Table 4.5 lists the different test
conditions used in the MULTISTAGE simulations.
Table 4.5: Input Conditions for MULTISTAGE Blowdown Turbine Tests
Test Number 52 113
RTDF (%) 0.0 15.1
Mean Inlet Total Temperature (K) 465 459
Inlet Total Pressure (kPa) 363.5 378.1
Static Pressure at Exit Plane Hub (kPa) 67.0 70.5
Rotor Speed (r.p.m.) 7425 7298
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Figure 4.33: Inlet Total Temperature Distribution for 15.1% RTDF Simulation Case
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5. Experimental Results and Data Analysis
5.1 Experimental Heat Flux Distribution
The blowdown turbine tests of primary interest are the low incidence or 120%
corrected speed runs. Fortunately, these tests include the first three performed in the RTD
series for which most of the heat flux gauges were functioning well. Rotor heat transfer
data is presented for tests 52, 111, 112, and 113. The rotor blades were intrumented at
both the tip and midspan sections, except for 52, which contained only midspan gauges.
Tests 52 and 112 are the zero and low RTDF cases, respectively. Test 111 was run with
an intermediate inlet temperature distortion, and Test 113 contained the largest RTDF for
the high corrected speed runs. A summary of these test conditions is given in Table 5.1.
Table 5.1: Summary of High Corrected Speed Test Conditions
Test Number 52 112 111 113
RTDF (%) 0.0 2.2 9.8 15.1
Mean Inlet Temperature (K) 464 435 456 459
Rotor Relative Temp (K) 400 376 395 398
Inlet Total Pressure (atm) 3.59 3.40 3.40 3.52
Corrected Speed (%) 120 122 119 119
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Experimental steady state (DC) heat flux data is presented for the 120% speed runs.
The heat transfer distribution at rotor midspan and tip is plotted as a function of blade
surface distance in Figures 5.1 and 5.2, respectively. Figure 5.1 shows good agreement
between the zero and low RTDF runs (52 & 112 ). Each gauge in run 52 indicates a heat
flux which is approximately 10% greater than the corresponding heat flux measured in run
112. This consistently larger heat flux can be attributed to the 24 K degree difference in
inlet temperature between the runs. The effect of a radial temperature profile on midspan
can be seen by looking at the 111 and 113 heat flux distribution. In each case, the addition
of a temperature profile increases heat loading at the midspan. The heat flux for run 111
(9.8% RTDF) is roughly 25% to 60% higher than the low or zero RTD cases at gauge
location. Indicated DC heat flux levels are approximately 50% to 95% larger in the 15.1%
RTDF case (113). These increases are most apparant in the two run 113 pressure surface
gauges which show heat flux is almost doubled as compared to the constant inlet
temperature runs. Introducing a radial inlet temperature profile has the net effect of
increasing the heat flux to the rotor blade at midspan, particularly along the pressure
surface.
The heat flux distributions along the rotor blade tip for tests 111, 112 and 113 are
given in Figure 5.2. Increases in the radial temperature distortion factor do not appear to
have a significant effect on the tip suction surface heat transfer. The gauge at -0.4 x/s
shows a large increase in heat flux for the 9.8% and 15.1% RTDF cases, but the gauge near
-0.9 x/s shows a tight grouping of the measurements. Run 113 (15.1% RTDF) shows
increases of about 20 to 30 kW per square meter at the leading edge and along pressure
surface. The heat flux levels for run 111 (9.8% RTDF) show a more moderate and
inconsistent increase over run 112 (2.2% RTDF). The effect of RTDF on tip heat loading
is not as clear as at the midspan. Suction surface levels seem to increase slightly, with
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most of the effect is at the leading edge and pressure surface where large increases in heat
flux are seen.
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Figure 5.1: DC Heat Flux Measured at Rotor Midspan (Low Incidence)
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5.2 Blowdown Turbine Flow Field Computation
5.2.1 CFD Results for Zero and High RTDF Cases
5.2.1.1 Stator Flow Field: The stator inviscid flow field calculated by MULTISTAGE
for the zero (52) and 15.1% RTDF (113) cases is very similar. As predicted by Munk and
Prim, Mach numbers and streamline distributions do not vary significantly. At the stator
inlet plane, zero swirl or tangential flow angles are predicted, as are near zero Mach
numbers. Spanwise distributions of swirl angle and Mach number were also plotted at the
stator exit plane. Figure 5.3 (a) compares the mass averaged swirl angle as a function of
span and Fig. 5.3 (b) gives the spanwise Mach number distribution at the stator exit. Swirl
angles varies almost linearly with radius from 71.5" at the hub to 74.5" at the tip. The
largest discrepancy between cases 52 & 113 is less than 0.2 degrees at any spanwise
station. Mach number decreases from 1.8 to 1.3 from hub to tip, and again, the difference
between the zero and high RTD cases is less than 1 percent. These minor discrepancies
could be due to numerical error in the computation as well as the upstream influence of the
rotor fields which are indeed different.
The inlet annulus contraction upstream of the stator and the NGV both influence the
shape of the inlet temperature profile. Figure 5.4 shows the distortion of the radial
temperature profile from the upstream inlet plane to the stator exit plane. The original
distribution is diffused slightly so that temperature decreases by 20 K near midspan but
increases near the hub and tip. In addition, there is a shift of the profile radially inward
which raises the temperature near the hub by 10 or 15 K.
102
COMPARISON OF SWIRL ANGLE SPANWISE DISTRIBUTION
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5.2.1.2 Rotor Inlet: The radial temperature distortion exiting the stator through the
mixing plane strongly influences the rotor flow field. The variation in total temperature at
the NGV outlet plane results in changes in flow velocity as compared to the constant
temperature case. Mach numbers remain comparable, but the varying temperature affects
the speed of sound and consequently, the velocity vectors. Upon entering the rotor relative
reference frame, differences are seen in flow angles as well as total pressure, both of which
cause secondary flows. The spanwise distribution of swirl angle and relative Mach
number at the rotor inlet plane both show slightly higher values at midspan, and lower
values near the hub and tip, for the high RTDF case (Figure 5.5). The 2.5* higher swirl
angle of the 15.1% RTDF case at the midspan would tend to drive the hotter fluid near the
midspan (Fig. 5.6 (a)) toward the pressure surface. Similarly, the relative total pressure
upstream of the rotor is higher for the RTDF case near the midspan (Figure 5.6 (b)). This
pressure distribution would tend to set up larger radial flows in the temperature distortion
flow.
5.2.1.3 Rotor Blade Mach Number: The variation in flow quantities caused by the
introduction of a radial temperature distortion does not cause significant changes in the
aerodynamic quantities over the blade surfaces. Blade loading and Mach numbers are
similar for runs 52 and 113 in the inviscid flow calculation. Figure 5.7 compares the rotor
Mach number distribution at the hub, tip and mean sections. The Mach number profiles
appear to be almost the same at the midspan, with the high RTDF case just slightly larger.
Lower Mach numbers are seen along the entire tip profile and hub suction surface for the
high RTDF case.
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COMPARISON OF SWIRL ANGLE SPANWISE DISTRIBUTION
AT ROTOR INLET (52 & 113)
Swirl Angle (Degrees)
COMPARISON OF MACH MNIMRFR SPANWIF nlTRIRI TOM
Rotor Relative Mach Number
Figure 5.5: Comparison of Spanwise Distribution of (a) Swirl Angle
and (b) Relative Mach Number at the Rotor Inlet Plane
106
o
0o.
c--0o
d
co(
dC!(0
It-
.0W00
oL.
U-
5C/) cf)M
I.--Ci0N
(a,) 61.
(b)
).50
COMPARISON OF RELATIVE TOTAL TEMPERATURE DISTRIBUTION
AT ROTOR INLET (52 & 113)
300. 320. 340. 360. 160.
Rotor Relative Ttotal (K)
COMPARISON OF RELATIVE TOTAL PRESSURE DISTRIBUTION
AT ROTOR INLET (52 & 113)
0.48
Rotor Relative Pt / (Pt)inlet
Comparison of Spanwise Distribution of Relative Total
(a) Temperature and (b) Pressure at the Rotor Inlet Plane
107
0 52
* 113
c
0.
t-
(U.
0 52
* 113
c
0
U-
Cd)cn
(b)
Figure 5.6:
A5Q'" -- r-r --
ROTOR BL.ADE MACH NUMBER DISTRIBUTION AT TP
ROTOR BLADE MACH MBE DI ST1OSIRTIO AT MIDSPAN
* 52
* 113
(a)
(b)
Suction X/S Prsure
ROTOR LADE MACH NUMBJ DISTRITION AT H1U
Suction XIS Prom"
Comparison
Rotor Blade
of Mach Number Distribution along the
(a) Tip, (b) Midspan and (c) Hub
108
-0.75 -0.50 -0.25
(c)
Figure 5.7:
00- -
5.2.2 Rotor Temperature Redistribution
5,2.2.1 Blade Distribution: The relative total temperature calculated for the rotor blade
surface is an important CFD result. This result was used in the calculation of Nusselt and
Stanton numbers in Sections 5.3 and 5.4. Chordwise variations in blade total temperature
along the hub, midspan and tip do not exceed 3.75% of the mean inlet rotor relative total
temperature (or 15 K) for the constant inlet temperature case (FIgure 5.8 (a)). In addition,
the spanwise difference in temperature from the hub to the tip is 10 K or less. Considering
that the numerical errors in the calculation are approximately one percent of the bulk
temperature or 5 K (Section 5.3.5), no clear conclusions can be drawn from these
distributions. There does, however, seem to be an increase of several degrees Kelvin
towards the rotor tip.
The blade temperature distributions for the 15.1% RTDF case are given in Figure
5.8 (b). As expected, the initial radial temperature profile causes increased temperatures at
the rotor midspan. The average temperature at midspan (420 K) is approximately 50 K to
80 K (12-20% of bulk temperature) hotter than either the hub or tip values. An interesting
result of the calculations is that the temperature along the hub and midspan sections appear
to be fairly constant. Small increases of about 5 K are seen at the leading edge and on the
pressure surface. Although the suction surfaces and are at roughly the same temperatures
at hub and tip, the tip pressure surface shows large increases in total temperature. An
increase of approximately 30 K (7.5% of bulk temperature) is predicted from the leading to
trailing edges of the rotor tip pressure surface.
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5.2.2.2 Blade Contours: Rotor blade total temperature contour plots for runs 52 and
113 are shown in Figures 5.9 and 5.10 respectively. The contour lines are spaced 5 K apart
in each case for comparison purposes, but do not provide good resolution for the constant
inlet temperature case. Both the pressure and suction surfaces for run 52 show about a
15K variation in temperature over the blade. The pressure and suction leading edges are
almost uniformly hotter along the span than the remainder of the blade. Numerical errors
may be partially responsible for the shape of the contours since they of the same order of
magnitude as the total variation in temperature on the blade surface. The total temperature
distribution on the rotor blade shows a definitive pattern for the high RTDF case (Figure
5.10). Pressure surface temperatures are higher than those on the suction surface. There is
a significantly larger area of the blade surface which is at a temperature of 420 K or higher
on the pressure surface. Conversely, the region below 355 K is much larger near the hub
and tip of the suction surface. It can also be observed on the pressure surface proceeding
from the leading edge to the trailing edge that the hot fluid at the midspan tends to migrate
radially out causing the contour lines to diverge. On the suction surface, however, the
colder fluid near the hub and tip moves towards the midspan. This effect will be
demonstrated using streamlines and blade surface velocities in Section 5.2.3.
111
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Figure 5.10: Rotor Blade Blade Temperature Contours for 15.1% RTDF Case
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5.2.2.3 Redistribution in Rotor Passage: The evolution of the radial temperature
profile along the rotor blade surface is shown in Figure 5.11 (0% RTDF) and Figure 5.12
(15% RTDF). In the 52 test case, the profiles are nearly constant along the blade span,
with the pressure surface slightly hotter. Pressure surface temperature increases and
suction surface temperature decreases by several degrees from leading to trailing edge. A
significant radial redistribution of total temperature is not seen in the constant inlet case.
The high RTDF case shows an increase in the temperature difference between the suction
and pressure surfaces ranging from 5 K to 20 K proceeding from the leading to trailing
edges. In addition, there is a radial redistribution which compresses the suction surface
profile and expands the pressure surface profile.
The redistribution of the temperature profile in the rotor passage can be seen clearly
by taking contour plots on cutting planes oriented at specific axial stations (Figure 5.13).
The hotter fluid near the center of the passage at the leading edge axial location moves
towards the pressure surface on the plane near the trailing edge as predicted and verified
experimentally [Butler, et al.]. A shift in the radial location of the hot spot towards the tip
as observed with the blade temperature distribution plots (5.2.2.1) can also be seen. The
colder fluid at the hub and tip moves towards the suction surface midspan through the
passage.
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5.2.3 Flow Visualization
5.2.3.1 Blade Velocity Vectors: Velocity vectors on rotor blade suction surface were
calculated at each grid node for the two test cases (Figure 5.14 - 5.17). The constant inlet
temperature case (52) shows no significant radial motion other than that required to follow
the annulus geometry. Velocity vectors on the suction surface (5.14) indicate some radial
motion from the midchord hub to the midspan. Figure 5.15 reveals a small negative radial
velocity component near the trailing edge of the pressure surface just below midspan. The
15.1% RTDF test case shows more significant secondary flow. Suction surface vectors
indicate a radial flow towards the midspan, especially near the trailing edge (Figure 5.16).
Flow vectors on the pressure surface contain a radial component directed away from the
midspan. This is apparant near the trailing edge, and is especially strong near the tip at the
midchord (Figure 5.17).
5.2.3.2 Streamlines: Streamlines were introduced into the flow upstream of the rotor
blade passage. VISUAL3 written by Bob Haimes and Mike Giles of MIT, was used to do
the flow visualization. The first sets of streamlines were introduced at three pitch locations
upstream of the rotor. The streamlines originated from spanwise lines near the suction and
pressure leading edges, and at the midpitch. Figure 5.18 shows the streamlines over the
suction surface which tend to contract towards the midspan. The lines introduced at
midpitch remain unaltered and evenly spaced as they travel through the passage (Fig. 5.19).
A radial expansion of the streamlines away from mispan is obvious near the pressure
surface (Fig. 5.20). Some streamwise vorticity can also be seen in the flow causing the
streamlines to roll up towards the pressure surface at the hub and tip. This effect is more
clearly demonstrated in Figure 5.21. The streamlines introduced along the pitch near the tip
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tend to move down towards the midspan at the suction surface and up towards the tip near
the pressure surface. Figure 5.22 is a three dimensional view of three sets of streamlines
introduced at hub, tip and midspan. The deformation of the planar sets of streamlines is
evident at the outflow plane. Tip streamlines are twisted in a clockwise direction and hub
streamlines are rotated in a counter-clockwise direction (looking downstream into the
flow). Figure 5.23 shows a circular arrangement of streamlines introduced at the middle of
the rotor passage inlet. The migration towards the pressure surface can be seen by the
position of these streamlines at the rotor exit plane.
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Figure 5.14: Rotor Blade Suction Surface Velocity Vectors (0% RTDF)
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Figure 5.15: Rotor Blade Pressure Surface Velocity Vectors (0% RTDF)
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Figure 5.16: Rotor Blade Suction Surface Velocity Vectors (15% RTDF)
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Figure 5.17: Rotor Blade Pressure Surface Velocity Vectors (15% RTDF)
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Figure 5.18: Streamline Redistribution Near Rotor Suction Surface (15% RTDF)
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Figure 5.19: Streamline Redistribution at Rotor Passage Midpitch (15% RTDF)
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Figure 5.20: Streamline Redistribution Near Rotor Pressure Surface (15% RTDF)
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Figure 5.21: Streamline Redistribution at Rotor Tip and Midspan (15% RTDF)
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Figure 5.22: Streamline Redistribution in Rotor Passage (15% RTDF)
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Figure 5.23: Migration of Streamlines Originating at Center of Rotor Inlet (15% RTDF)
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5.3 Nusselt Number
The heat flux measured in the blowdown turbine tests was converted into two
different dimensionless forms of the heat transfer coefficient for analysis purposes. The
heat transfer coefficient, h, is defined in the following equation:
q convection = h ( Tg - Tw )
where q convection = measured heat flux
Tg = temperature of fluid above the boundary layer
Tw = wall or surface temperature
In order to calculate the first form of dimensionless heat transfer coefficient, the Nusselt
number Nu, the conductivity of the fluid, k, must also be defined:
k(Tg-Tw)
q conduction LL
where q conduction is the heat flux due to fluid conduction in a stagnant or motionless fluid
layer of thickness L and a temperature difference of (Tg - Tw). The Nusselt number is
defined as the ratio of convective to conductive heat transfer and is given by:
Nu = qconvection - h L
qconduction k
The physical significance of Nusselt number is that it is inversely proportional to the
thickness of the thermal boundary layer.
Measurements of blowdown rotor heat transfer, q, and wall temperature, Twall,
were made using the heat transfer gauges. Fluid conductivity, k, over the gauges was
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calculated using the local wall temperatures provided by the sensors. The reference length
L used was the rotor blade chord (L = 25.725 mm). Nusselt number was computed using
the following equation:
Nu qL(Tg - Tw) k
Nusselt numbers were calculated using three different values of gas temperature for
the zero and 15.1% RTDF tests (52 and 113). The first gas temperature used was the
average or bulk rotor relative total temperature. Total temperatures predicted by a
streamline curvature model were also used to compute Nusselt number. Two values were
obtained according to the radial location of the sensors, one temperature was used for all
the tip sensors, and a second temperature for the midspan sensors. A final set of Nusselt
numbers was generated using the total temperature on the blade surface over each
individual gauge as calculated by MULTISTAGE.
Since the test conditions for runs 52, 112 and 113 differed somewhat, corrections
were made so that the Nusselt numbers could be compared. Nusselt number scales as a
function of Reynolds number (Re 0.8) for turbulent boundary layer flow over a flat plate.
Reynolds number is dependent on the total temperature and pressure of the flow, giving the
following dependence:
Nu Re 0.8 c Ptotal 0.8
As a basis for comparison, all the Nusselt numbers were corrected to the run conditions of
test 52.
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5.3.2 Nusselt Number Comparison
Nusselt numbers calculated using the three sets of gas temperatures are given in
Figure 5.24 for the zero RTDF case (52). Since all the values of predicted free stream gas
temperature for run 52 are within a few degrees of each other, the Nusselt numbers for the
three different calculation methods are approximately the same. Most of Nusselt numbers
fall between 700 and 900. Higher values of up to 1700 are measured at the leading edge,
and a small decrease to 500 is seen near the trailing edge of the suction surface.
Comparison of these results (0% RTDF) to the corrected midspan Nusselt numbers for
run 112 (2.2% RTDF) showed fairly close agreement (Figure 5.25). The slightly higher
values (5-10%) for test 112 may be the result of the existence of the low RTDF. This
comparison served as a verification of the test condition correction procedure.
The corrected midspan Nusselt number for the high RTDF case (113) is presented
for the three different temperature calculations along with the data for the zero RTDF run
(52) in Figure 5.26. As expected, Nusselt numbers for run 113 based on the bulk total
temperature are higher than for run 52 by 30% to 70%. Basing the 15.1% RTDF Nusselt
numbers on the higher temperatures predicted at midspan by MULTISTAGE or
streamline curvature reduces their values. For each gauge, using the CFD predicted
temperatures as the free stream value brings the run 113 Nusselt numbers closer to the run
52 values. The CFD based Nusselt numbers are 15 to 35% lower than values derived
from the bulk temperature. These discrepancies in Nusselt number calculation are an
indication as to the importance of inviscid effects in turbine rotor heat transfer. If the
streamline or temperature redistribution predicted by the Euler solver causes large changes
in Nusselt number relative to the original average total temperature based value, inviscid
effects are important.
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Using streamline curvature and MULTISTAGE temperature predictions has an
unpredictable effect on the Nusselt number calculations at the rotor tip (Figure 5.27). Test
112 Nusselt numbers are also provided in Fig. 5.27 as a low RTDF (2.2%) reference. The
streamline curvature model predicts a total temperature at the tip for 113 which is lower
than the average value in the flow, thereby increasing tip Nusselt numbers uniformly by
roughly 10 percent. MULTISTAGE also predicts lower temperatures at the tip suction
surface causing 30 - 50% increases over bulk temperature based Nusselt values. A lower
temperature is also predicted at the leading edge, raising the Nusselt number by 25 percent.
However, the higher total temperatures predicted by MULTISTAGE towards the trailing
edge of the pressure surface tend to drive Nusselt numbers down. Unfortunately, there are
only three tip pressure surface gauges from the 2.2% RTDF run (112) to compare to. It is
therefore difficult to access the agreement of the pressure surface Nusselt numbers due to
the use of the CFD total temperature.
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Figure 5.24: Midspan Nusselt Numbers for Constant Inlet Temperature Case
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5.4 Stanton Number
5.4.1 Introduction
The Stanton number is an alternative parameter used to nondimensionalize the heat
transfer coefficient. It is defined as follows:
St= h
pU cp
where h = heat transfer coefficient
p = density
U = free stream velocity
cp = specific heat
The physical significance of Stanton number can be seen by rewriting the previous
expression:
St = h AT _ actual heat flux to blade
p U cp AT thermal energy flux of fluid flow
Since the Stanton number is the fraction of the local thermal energy flux which is
transmitted to the blade surface, it is an indication of the state of the boundary layer. For
example, a thin turbulent boundary layer would result in higher Stanton numbers. The
Stanton number is controlled by the boundary layer behavior.
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Stanton number can be related to Reynolds number for turbulent flow over a flat
plate by the following expression:
St = 0.0296 Re -0.2
The discrepancy in Reynolds number between the zero and high RTDF cases was
corrected for using a Re -0.2 term. As in the Nusselt number calculations, all the Stanton
numbers were corrected to the conditions for test 52.
Stanton numbers were computed using the experimentally measured heat flux and
wall temperature at midspan for runs 52 (0% RTDF) and 113 (15.1% RTDF). The mass
flux, pU, and free stream temperature, Tg, used in the calculating the driving temperature
difference, AT, were obtained from the local values computed by the MULTISTAGE
Euler calculation. Again, the run 113 values were scaled to the slightly different run 52
inlet conditions.
5.4.2 Comparison of Stanton Numbers
A comparison of Stanton numbers along the rotor midspan for runs 52 and 113 is
given in Figure 5.28. Suction surface gauge values are within 10-15%, whereas the
discrepancy of the two pressure surface values is closer to 30 percent. The variations in
Stanton number are large (i.e. 0.0043 at the leading edge and 0.0012 at the suction surface
trailing edge) for the zero RTDF case. Although the leading edge gauge for the high RTDF
case is absent, the run 113 variations appear to be of the same magnitude. The fact that
Stanton number varies by a factor of four along the blade chord is indicative of significant
changes in the boundary layer properties. Viscous effects vary significantly along the
midspan profile.
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Figure 5.29 compares Stanton numbers at the tip and midspan for the 15.1%
RTDF run. Inviscid effects such as mass flux variation and temperature redistribution are
corrected for, however, large discrepancies in Stanton number remain. The suction surface
Stanton numbers seem to agree at the tip and midspan. Stanton numbers at the leading
edge and on the pressure surface are higher near the rotor blade tip. Tip values are 2-3
times larger on the pressure surface than on the suction surface. The tip leading edge
Stanton number is almost an order of magnitude greater than the suction surface values.
5.4.3 Contribution of Inviscid Effects
The measured heat flux can be divided into three components:
q measured = [St [[p U Cp] [AT]
The mass flux per unit area, p U, and the driving temperature difference, AT, can be
considered to be the inviscid components of the heat flux, and the Stanton number entails
the viscous contributions to the heat transfer. It was shown in the previous section (5.4.2)
that Stanton number varied by as much as 400 to 800% over the rotor blade, pointing to
significant viscous effects. Comparisons of local mass flux and driving temperature
differences over the blade surface were done for the zero and high RTDF runs in order to
estimate the variation in heat flux due to inviscid effects. Corrected values of pU are
roughly the same at the tip and midspan for runs 52 and 113 (Fig. 5.30). Ratios of mass
flux over the blade for the two cases are near unity and do not vary by more than 10
percent.
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Figure 5.31 compares the driving temperature differences (Tg - Tw) for runs 52
and 113. The ratio of AT (113 / 52) is approximately constant at 1.25 for the midspan.
This is due to the uniform higher temperature predicted along the midspan for the high
RTDF test. However, large variations in AT ratio are predicted at the tip. Driving
temperature differences are approximately twice as large in the 0% RTDF case at the tip
suction surface trailing edge, but are slightly lower towards the pressure surface trailing
edge. This effect was caused by the migration of hot fluid to the pressure surface tip as
seen in the calculation of the steady Euler flow field. Driving temperature ratio changes by
a factor of two along the tip, and is uniform at a value of 125% along the midspan.
Combining the inviscid effects of (AT and pU) results in a variation in relative heat
flux of 25% to 100% between the zero and high RTDF cases. The strongest steady
inviscid effect is the redistribution of total temperature which affects the driving
temperature difference.
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Figure 5.28: Midspan Stanton Number (0 and 15% RTDF)
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6. Conclusion
The effect of a radial distribution of inlet temperature on turbine rotor heat transfer
was studied. Experimental test results as well as computational techniques were used in
the analysis. The calculation of non-dimensional heat transfer coefficients, Nusselt and
Stanton numbers, combined test measurements with numerical simulation of the inviscid
flow field. An attempt was made to quantify the change in heat flux distribution and assess
the importance of viscous and invisicid effects.
Rotor blade tip and midspan heat flux levels both increase with the introduction of
an inlet temperature profile. Marked increases of up to 95% are observed in the heat flux
distribution at midspan. Heat flux levels are also significantly raised along the tip of the
pressure surface. Changes in DC heat flux measurements at the suction surface tip section
are ambiguous.
Much of the change in experimental heat flux distribution can be qualitatively
explained by the inviscid flow field calculation. An overall shift is seen in the midspan heat
loading because the higher midspan inlet temperatures are essentially preserved in the rotor
relative reference frame. The driving temperature difference is therefore larger at the
midspan, with the most dramatic increases occuring along the pressure surface due to the
migration of the hotter gas to this region. Hot fluid was also observed moving tow.ard the
tip of the pressure surface. The hub and tip sections of the suction surface do not show any
marked temperature or heat flux increases. In fact, the calculation predicts temperatures
lower than the mean value at these locations.
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The 3D Euler MULTISTAGE code was used in order to get an estimate of the free
stream total temperatures above the heat flux sensors. Changes in Nusselt and Stanton
numbers caused by using these computed temperature values (as opposed to the average
value of rotor relative total temperature) indicate the importance of inviscid effects in rotor
heat transfer. A collapse of the high RTDF Nusselt numbers directly onto the zero RTDF
Nusselt values would imply that the variation in heat transfer due to the RTD was simply
an inviscid effect. The use of the CFD temperatures does change the driving temperature
differences, which results in significant variations of the Nusselt number. The midspan
Nusselt numbers for the high RTDF test are shifted towards the constant inlet temperature
test values in each case. CFD based Nusselt numbers, however, do a poor job of
collapsing the tip data. This result points to the fact that viscous effects may be dominant
in influencing heat transfer at the rotor tip. Tip clearance flows, which are not modelled by
the inviscid code, may also be responsible for the ambiguous tip Nusselt results.
Stanton numbers are a more direct means of ascertaining the importance of the
viscous effects. The strong non-uniformity of the Stanton number distributions at both the
midspan and tip sections indicates that viscous effects are certainly not negligible.
Significant changes in the state of the boundary layer are occuring both along the rotor
chord and span (as evidenced by the 400 to 800% changes in St from the leading to trailing
edges, as well as difference in midspan and tip distributions).
Inviscid effects on heat transfer are primarily the result of a redistribution of flow
streamlines. The radial temperature distortion does not cause any distinct differences in the
mass flux distributions over the blade surface. Redistribution of the rotor relative total
temperature does, however, change the driving temperature difference by as much as 100
percent.
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The introduction or a radial temperature profile does increase the overall heat
loading of the turbine rotor, especially on the pressure surface. No firm conclusions about
the nature of the heat flux increases due to an RTDF can be drawn from the data. It is not
clear whether viscous or inviscid effects are dominant, however, both play a vital role in
turbine rotor heat transfer.
Recommendations for future work include the implementation of a viscous
calculation to simulate the blowdown turbine flow field. A viscous computer simulation
may capture more of the essential aspects of the high Mach number flow for the highly
loaded turbine stage. In addition, another series of experimental tests which utilize
advanced aerodynamic measurement or flow visualization techniques could prove useful
when used in conjuction with the numerical analysis.
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